Biodegradation of ceramics in vivo is achieved essentially by monocytes and multinuclear cells (osteoclasts). Monocytes are the key element in this process because they intervene first at the biomaterial implantation site during Mammatory reaction. In this work, in vitro studies were conducted on an ultrastructural scale to determine the specific behavior of these cells with regard to a calcium phosphate (Cap) ceramic. Two types of phagocytosis were observed when cells came into contact with the biomaterial: either CaP crystals were taken up alone and then dissolved in the cytoplasm after disappearan= of the phagosome membrane or they were incorporated together with large quantities of culture medium, in which case dissolution occurred after the for-' Supported by CNRS EP 59, INSERM CJF 93-05. and the Interdisciplinary Electron Microscopy Center. Correspondence tm Malika Benahmed, Centre de Recherche Interdisciplinaire sur les Tissus Calcifiis et les Biomatiriaux, Faculti de Chirurgie Dentaire. place A. Ricordeau, F-44042 Nantes. France. mation of heterophagosomes. Phagocytosis of CaP coincided with autophagy and the accumulation of residual bodies in the cells. Addition of HEDAlLIF factor to these cultures induced a very marked decrease in phagocytotic activity directed at the capture of CaP crystals and culture medium.
Introduction
Immediately after implantation of calcium phosphate (Cap) ceramics, intra-and extracellular biodegradation processes occur. They constitute in vivo an essential step before the replacement of material by bone (Basle et al., 1993; Legeros, 1993; Daculsi and Delacrin, 1992; Passuti et al., 1989) . Monocyteslmacrophages, the first cells to appear during wound healing, are highly involved in phagocytosis and thus in CaP integration. These cells, which play a key role in inflammatory processes, could intervene through their cytokine secretions and their sensitivity to other cytokines. Monocytic activities can be modulated by many soluble factors and are increased by IFN-y or 1,2 5-dihydroxycholecalciferol (Kreutz et al., 1993; Blifield et al., 1991) . which enhances their capacity to degrade CaP disks (Benahmed et al., 1994; Roodman, 1993) . Other cytokines can contribute to inflammatory mechanisms and may be involved in the biodegradation process (Baumann and Gauldie, 1994) . HILDA (human interleukin for DA cel1s)lLIF (leukemia inhibitory factor) protein (Moreau et al., 1988) , which belongs to a large cytokine family including interleukin-1 (ILl), TNFa, IL-6, IL-11, and oncostatin M, can stimulate acute-phase protein synthesis by hepatocytes and thus act as a major mediator of inflammation (Baumann and Gauldie, 1994; Metcalf and Gearing, 1989) . Although HILDA/LIF plays a role in bone remodeling both in vivo and in vitro, its function has not been clearly defined. Therefore, the nature of HILDAlLIF action on osteoclastic resorption is controversial, because both stimulation (Lowe et al., 1991; Reid et al., 1990) and inhibition (Van Beek et al., 1993) have been reported. HILDAlLIF is produced by activated T-lymphocytes and by monocytes, osteoblasts, and many tumor cells Gascan et al., 1990; Abe et al., 1988; Moreau et al., 1987) , and can be released locally in inflammatory foci. Moreover, monocytes express a low number of specific HILDAlLIF high-affinity receptors and are therefore potentially able to respond to this factor (Godard et al., 1992) .
Several recent studies have shown that human monocytes can degrade CaP ceramics. For example, scanning electron microscopy demonstrated that biodegradation lacunae on the surface of bio-materials were due to the action of purified monocytes (Blotti?re et al., 1995; Benahmed et al., 1994) . However, the cellular mechanisms responsible for this degradation have not been determined, and no ultrastructural studies using transmission electron microscopy (EM) have been performed. The purpose of the present study was to describe, analyze, and explain the cellular mechanisms responsible for phagocytosis and degradation of CaP ceramics by human monocytes and to assess the effect of HILDAlLIF cytokine on their behavior.
Materials and Methods
Preparation of Biomaterials. The biphasic calcium phosphate (BCP, Xiosite; Zimmer, France) used in this study consisted of hydroxyapatite (HA) with a carbonate content of 6.5% by weight. X-ray diffraction revealed that BCP contained a 60l40 weight-percentage mixture of HA and P-tricalcium phosphate (p-TCP). BCP granules 80-100 pm in diameter were selected for experimentation. Powder samples (200 mg) were compacted at 130 MPa for 30 sec (Specac; Kent, UK) into disks 1 mm thick and 10 mm in diameter.
After sterilization at 180% for 2 hr. the disks were placed in 24-well culture plates (Nunc; Roskild, Denmark) and preincubated in 2 ml of serumfree culture medium for 20 hr (a-MEM) (Gibco; Cergy-Pontoise. France) at 37°C under a 5 % CO2 atmosphere. The Ca concentration of medium was CaC12-2H20 (264 mglliter) and Po4 concentration was NAH2P04-2H20 (158 mglliter). The pH medium was 7.24. The pH measurements were performed at the end of the preincubation period (at 20 hr, 37"C, 5% CO2). We obtained ApH = + 0.40 f 0,001 (Benahmed et al., 1996) .
Reagents. Recombinant HILDAlLIF (specific activity 4 x 10' Ulmg) was purified from serum-free conditioned medium of Chinese hamster ovary cells transfected with full-length cDNA, as described in Godard et al. (1992) . Monoclonal anti bodies were used for monoclonuclear characterization: IoT3 anti-CD3 (Immunotech; Marseille, France), MY4 antLCD14 (Coulter; Margency, France); Leu19 anti-CD54 (Becton-Dickinson; Le Pont de Craix, France). BL14 anti-CD37 (Immunotech).
Cell Culture. Peripheral blood monocytes from volunteer donors were separated from other blood components by Ficoll gradient centrifugation according to the Boyum technique (Blottiere et al., 1995; Boyum, 1968) . purified by adhesion to prewashed plastic flasks, and then treated with donor serum before being washed three times and detached by scraping. Phenotypic characterization by flow cytometry was performed on an ATC 3000 apparatus (Odam; Wissembourg, France). The cells were then cultured on Thermanox coverslips or on BCP plates using 2 x lo6 cells/well in 2 ml of culture medium. The cell culture medium used contained a-MEM, 10% fetal calf serum (FCS), 2 mM glutamine, 100 Ulml penicillin, and 100 pglml streptomycin. Cell morphology was observed by light microscopy after May-Griinwald-Giemsa staining (Sigma; St Louis, MO). Some monocytes were also treated with 10 ng/ml of recombinant HILDAlLIF for 48 hr.
Transmission Electron Microscopy. After removal of culture medium, cells supported on BCP disks were fixed for 90 min at 4°C with 2% glutaraldehyde in 0.2 M symmetric collidine buffer (adjusted to 380 mOsm. pH 7.2) and then washed three times with the same buffer. They were postfixed for 2 hr at 4°C with 3% os04 in 0.2 M symmetric collidine buffer (adjusted to 360 mOsm. pH 7.6). For one lot of specimens, 2% lanthanum nitrate, a cytoplasmic membrane marker pointing out relations between extra-and intracellular medium, was added for some specimens to the fixing and postfixing solution at room temperature (buffer adjusted to 390 mOsm. pH 7.6). All specimens were dehydrated in increasing degrees of alcohol for 1 hr, infiltrated in Epon and propylene oxide for 2 hr, and then embedded in Epon 812. After polymerization, BCP disks supporting cells were cut into about 10 pieces of roughly 1 mm3. Semithin (1 pn) and thin white to pale-yellow interference color sections were cut using a Reichert ultramicrotome equipped with a diamond knife. Semithin sections were stained with toluidine blue and thin sections were contrasted with uranyl acetate and lead citrate. A JEOL 100 C electron microscope was used for examination and photography.
Results
Our culture conditions facilitated the study of human monocyte behavior in the presence of Cap. The cells could develop into macrophages and adhere to the disk of biomaterial. Although most of the cells showed high lytic activity for a liquid or solid medium, monocytic activity was variable. To exert their phagocytotic activity, some cells spread out over the biomaterial, covering the greatest possible area ( Figure 1 ). Others, far fewer in number, adhered closely to the CaP material, presenting none of the features of macrophages but retaining some characteristics of monocytes, notably a richness in ribosomes and polysomes and a large Golgi complex ( Figure 2 ). Some macrophages produced cytoplasmic expansions several micrometers in length, which entered into the interstices or fis- Figure 3 ). None of the cells observed was capable of penetrating entirely into the biomaterial. When the cells were not isolated, their bodies and prolongations fit closely together, giving the appearance of a coherent tissue. Two cytosis models could be observed in differentiated macrophagic cells.
The first concerned cells in direct contact with the material, especially prolongations within the fissures of the biomaterial, i.e., in areas where culture medium did not readily penetrate ( Figure  3 ). Although the cytotic vesicles that formed were similar to phagosoma with respect to the size of the targets captured (some crystals measured almost 1 run), the way in which they developed was quite comparable to nonspecific endocytosis. In fact, the plasma membrane invaginated to absorb the crystal (Figure 4 ). When incorporation involved a small amount ofculture medium, the vesicle membrane could be seen distinctly and the vesicle isolated by linear reconstruction by the membrane (Figure 5 ) . When incorporation occurred in the absence of culture medium, the plasma membrane adhered very closely to the crystal and was quite difficult to distinguish ( Figure 6 ). These endocytotic phenomena could involve one to three crystals but rarely more.
The fate of these endocytotic vesicles (which can be considered as monolithic endophagosomes) was quite singular. Their envelope membrane disappeared, thereby facilitating interaction between the organelles and the crystal. In fact, within a clearer cytoplasmic region surrounded by microfilaments and smooth endoplasmic reticulum, the crystal underwent in situ fragmentation into very small particles (between 40 and 200 nm) (Figure 7) . These particles subsequently became rounded and their opacity to electrons decreased. They ultimately became indistinct (at a size of 10-20 nm), probably indicating the dissolution of the Cap. Such amounts of small crystals are never observed in CaP disks and can be related only to cell activity ( Figure 8 ).
The second cytotic model concerned the prolongations and cell bodies of macrophages in direct contact with the material, as well as an appreciable number of cells which, in areas of high cell density, had no direct access to the CaP crystals. The amount of phagocytosed medium was then large. The encircling of fluid regions led to the formation of simple phagosomes containing medium exclu-sively ( Figure 9 ) and of mixed phagosomes containing essentially crystals, medium, and possibly cell debris ( Figure 10 ). Under these circumstances, the cytotic vesicle membrane was always clearly visible ( Figures 10 and 11) . The presence of crystals in large mixed phagosomes (up to 8 pm), inside cells distant from the material, can easily be explained by the fact that many crystals were detached from the disk body and floated in the medium (Figure 11 ). Conversely, when crystals were numerous in a mixed phagosome (Figure lo) , it was supposed that a macrophage had phagocytosed them at the interface and moved off. The fate of these simple or mixed phagosomes differed from that of monolithic endophagosomes. When the crystals within these vacuoles were comparable in appearance and size to those of the disk and when no membrane structure was present, it could be deduced that these were newly formed phagosomes (Figures 10 and 11) . Conversely, when the crystals were in small fragments, and thus at different stages of reduction, they could be considered as heterophagosomes, i.e., secondary lysosomes that had already received lytic enzymes from primary lysosomes ( Figure 12 ). In these heterophagosomes, which were sometimes as large as or even larger than the nucleus, the crystals, although fragmented and scattered, retained a polyhedral shape. This suggests that the modalities of dissolution were different from those observed for monolithic endophagosomes (Figure 12 ).
It may be recalled that this type of residual body is usually observed in cells in which autophagy occurs (Maillet, 1992) . Moreover, we frequently observed autophagosomes characterized by their double envelope membrane ( Figure 13 ). We also observed in the same vacuole that a single membrane lined the part containing crystals of exogenous origin and a double membrane the part containing myelin figures probably of endogenous origin (Figure 14) .
The progression of these heterophagosomes led to the production of isolated myelin figures, and it was only at this stage that lysis of crystals comparable to that described in endophagosomes was observed ( Figure 15 ). Once digestion was finished, the heterophagosomes and autophagosomes were transformed into isolated residual bodies which still resembled myelin figures. These macrophages were always without crystals, and no image of exocytosis of residual bodies was ever observed. In many phagocytes of this type. the accumulation of residual bodies was associated with storage of large fat droplets, which together occupied almost all of the cytoplasm. The macrophages appeared incapable of evacuating the debris and finally died. After 2 days of culture the population of dead cells was about 5%. These phenomena were indicative of recent intensive macrophagic activity and cell aging. When monocytes were cultured on disks of biomaterial in a medium supplemented with HILDAlLIF factor, their behavior was radically different in many respects. The cells adhered well to the CaP material, established relations and punctual contacts with each other, and even formed several layers in certain areas of the culture that were richer in cell numbers, but they never developed to the point of constituting a system with the appearance of coherent tissue ( Figure 16 ). Isolated cells were most common. Cells were not spread along the CaP surface, nor were cell prolongations apparent in disk interstices or fissures. We searched meticulously for instances of the capture and endocytosis of CaP crystals (Figures 16  and 17 ). The few cases that we observed indicated that capture always involved very little medium ( Figure 17 ). In fact, cells at the level of the CaP material retained some features of monocytes. Primary lysosomes were more common there, and the Golgi complex was well represented (Figure 18 ). Many cells showed no phagosomes, heterophagosomes, or residual bodies. When such elements were present, they were always ofvery modest site ( Figure 19 ). However, the cells remained quite alive, with their organelles perfectly preserved. The culture medium was therefore well metabolized but in a slower manner. The accumulation of fat droplets in cells distant from the interface was more suggestive of cell aging than of the transformation of monocytes into macrophages (Figure 18 ). Everything indicated that the presence of HILDA/LIF factor in the culture medium induced a powerful inhibition of the differentiation of monocytes into macrophages, and therefore an inhibition of endocytotic activity, phagocytosis, and autophagy.
Discussion
After implantation into the organism, biomaterials undergo a number of cell-induced physicochemical transformations leading to their rejection or integration. CaP ceramics are subject to this process and can be degraded by multinuclear cells (osteoclasts) (Soueidan et al., 1995; Yamada et al., 1994; Basle et al., 1993; Gomi et al., 1993; Legeros, 1993; Maillet, 1992) or monocytes (Blottiere et al.. 1995; Kreutz et al., 1993) . They are then colonized by different cells (e.g., fibroblasts, adipocytes, osteoblasts) and finally are Figure 14. Heterophagosome (5.25 pm) containing both crystals (0.125-0.44 pm) and myelin figures. There is a single envelope membrane on the side of the   crystals (arrows) and a double one on the side of the myelin figures (arrowheads) . A crystal fragment r) corresponds to an artifact (the crystal was displaced when the section was cut). Original magnification x 11,000. Bar = 1 pm. Figure 15. Isolated myelin figure containing two groups of crystals undergoing dissolution (arrows). Original magnification x 22,000. Bar = 1 pm. replaced by a complex bone structure. Therefore, biodegradation is an essential step before the replacement of material by bone.
The present study considered three aspects of these events: the cytologic mechanisms of endocytosis, the behavior of monocytes cultured in the presence of Cap, and the influence of HILDAlLIF factor on their behavior.
Cytologic mechanisms induced by monocytes in the presence of biomaterial were novel, asynchronous, and complex. The image sequences observed in this study demonstrated that cultured monocytes were stimulated at different time points and allowed reconstruction of the successive steps in their macrophagic activity.
The contact of monocytes with biomaterial did not immediately lead to its ingestion. It appears that protein synthesis was initially stimulated to produce hydrolases (Darnell et al., 1986; Pitt, 1975) . as attested to by the presence of cells containing ribosomes and polysomes but devoid of endocytotic vesicles. The capture of isolated crystals or those in small groups then ensued, although not by a phagocytotic process, i.e., by encircling, as might be expected in the case of particles often measuring around 1 pm in size, but by a process similar to endocytosis without a receptor. It is postulated that macroendocytosis occurred when the quantity of fluid was so reduced that cytoplasmic membrane sometimes adhered to all or part of the crystal. The fragmentation and dissolution of the crystal captured in this manner were indicated by precise ultrastructural criteria, and it is likely that hydrolases (probably acid phosphatases) transported by the smooth vesicles observed nearby were then released. Only certain assumptions can be made about the fate of the phosphorus and calcium thus produced. The calcium was not observed in mitochondria. The calcium may have been retained in agranular reticulum for use in the initialization and contraction of myofilaments. Such filaments exist in macrophages and were observed in the immediate environment of crystals undergoing dissolution.
The processes of true phagocytosis were much more common and involved a very large number of phagocytes. It may be recalled that macrophages carry receptors that bind to ligands of the target (e.g., bacteria, cells, biological particles). The effect produced by the binding of receptors and ligands is known as the zipper interaction because of its modus operandi. The encircling of the target normally excludes the surrounding fluid and is performed by sequential and circumferential interaction of macrophage receptors with ligands distributed over the target surface. In our study, by means of the classic encircling mechanism, this process allows vast fluid regions to be invaginated. Macromolecules in the culture medium, and possibly some cell debris, may bind to membrane receptors according to the classic zipper interaction. In this case, CaP crystals appeared to have been internalized by chance, because there were only a few of them in a large amount of culture medium. Conversely, although less frequently, macrophages specifically phagocytosed large numbers of crystals in a very small amount of culture medium. They retained their polyhedral shape for a long time, since under these capture conditions Cap dissolution is slower. The enzymes released by primary lysosomes are probably less suitable for their dissolution. Moreover, they act within the enclosed area of the heterophagosome.
Because recently formed large phagosomes always contained very little membrane debris, it appears likely that most of the myelin figures in cells were the residue of autophagosomes rather than of heterophagosomes. Moreover, the joint presence of crystals and huge myelin figures within the same vacuole can be explained only by the fusion of heterophagosomes with autophagosomes.
The different possibilities of phagocytosis, autophagy, and MCUOlar fusion are suggested. Although autophagy can be observed in normal cells, here it may have constituted a cell response to the presence of a substance (Cap) considered foreign, and should be recognized as a defense mechanism tending to limit the extension of a degenerative process. The accumulation of residual bodies, rather than autophagy, causes the death of macrophages.
Finally, the accumulation of lipid pools in the cytoplasm should be considered in terms of the normal aging of the cells. The richness of the agranular endoplasmic reticulum normally involved in lipid synthesis accounts for this storage.
Under our culture conditions and in the absence of cytokine, our observations demonstrate an asynchronism in the process of transforming monocytes into macrophages. Because the cell features noted after 48 hr of culture were so different, it can be considered that several groups of macrophages were formed.
The first group was composed of dead cells whose debris was most often impossible to analyze, except for some residual bodies. These elements were scattered through the culture medium and could even be observed near the biomaterial. They no longer had the capacity to adhere to the biomaterial.
The second group was composed of cells that had apparently already achieved a great number of complete "phagocytosis-digestion" cycles. The elements in this group, which had no contact with the biomaterial but were in relation with other macrophages, no longer manifested any macrophagic activity for either exogenous or endogenous material. Their cytoplasm contained myelin figures (indicative of thesaurismosis) and large lipid pools (indicative of aging).
The third group comprised cells that were still active, as they contained heterophagosomes with or without CaP crystals in association with residual bodies and lipid pools. These cells were at the end of the macrophagic activity cycle.
The fourth group included very active macrophages often close to the biomaterial. This group provided the largest number of images of crystal capture and of prolongations entering into the interstices or fissures of the CaP disk.
The fifth and last group included those rare cells that were always very close to or even in contact with the interface and contained no endocytotic vesicles. Their most noteworthy features were a large Golgi complex and a richness in polysomes. They were probably monocytes not yet differentiated into macrophages or undergoing differentiation.
The most plausible hypothesis to account for these differences in behavior is that the monocytes were in different states of maturation when the culture was initiated.
The presence of 10 ng/ml of HILDAlLIF cytokine in the culture medium induced a major inhibition of cytotic activities, i.e., of the formation of heterophagosomes or autophagosomes. Images of crystal capture were quite exceptional, indicating the difficulty of monocytes to differentiate into macrophages. However, the metabolic activity of the cells was not altered because a few old cells contained large lipid pools. The enzymes required for this produc-tion and storage were therefore well synthesized by the cell. Conversely, the hydrolases needed for digestion of the contents of endocytotic vesicles were synthesized in lower amounts or were even totally absent because of a slowing or blocking of capture procedures. These data demonstrate for the first time that HILDAlLIF cytokine has a biological effect on human monocytes. It is known that HILDAlLIF plays an important role in the proliferation-differentiation system. For example, it induces the proliferation of the DA1 cell line (Moreau et al., 1986) and the differentiation of murine (Tomida et al., 1984) or human (Maekawa et d., 1990 ) myelocytic leukemic cells, while maintaining embryonic stem cells in undifferentiated state (Smith et al., 1988) . The inhibitory effect of HILDA/LIF on the transformation of monocytes into macrophages and thus on their ability to manifest macrophagic activity functions in the context of the proliferation-difkentiation system. This underscores both capability to degrade biphasic CaP ceramics and their sensitivity to regulatory factors in vitro. In situ, more fully differentiated macrophages might be involved during this degradation, and responses to different types of CaP might also differ.
The experimental model used in this study should provide a better understanding of the phenomena of specific degradation of biomaterials within the very general context of cytotic mechanisms. Our results demonstrate for the first time that HILDAlLIF cytokine has an effect on cells of the immune system. In this respect, the control exerted by cytokines over the degrading activity of Cap by circulating cells or those emanating from bone marrow appears to open up promising perspectives. 15 :74-88 
